ABSTRACT: A three-dimensional (3D) digital preoperative planning system for the osteosynthesis of distal radius fractures was developed for clinical practice. To assess the usefulness of the 3D planning for osteosynthesis, we evaluated the reproducibility of the reduction shapes and selected implants in the patients with distal radius fractures. Twenty wrists of 20 distal radius fracture patients who underwent osteosynthesis using volar locking plates were evaluated. The 3D preoperative planning was performed prior to each surgery. Four surgeons conducted the surgeries. The surgeons performed the reduction and the placement of the plate while comparing images between the preoperative plan and fluoroscopy. Preoperative planning and postoperative reductions were compared by measuring volar tilt and radial inclination of the 3D images. Intra-class correlation coefficients (ICCs) of the volar tilt and radial inclination were evaluated. For the implant choices, the ICCs for the screw lengths between the preoperative plan and the actual choices were evaluated. The ICCs were 0.644 (p < 0.01) and 0.625 (p < 0.01) for the volar tilt and radial inclination in the 3D measurements, respectively. The planned size of plate was used in all of the patients. The ICC for the screw length between preoperative planning and actual choice was 0.860 (p < 0.01). Good reproducibility for the reduction shape and excellent reproducibility for the implant choices were achieved using 3D preoperative planning for distal radius fracture. Three-dimensional digital planning was useful to visualize the reduction process and choose a proper implant for distal radius fractures. Keywords: three dimensional; distal radius fracture; computed tomography; osteosynthesis; locking plate Volar locking plates have been used widely for the osteosynthesis of distal radius fractures.
Volar locking plates have been used widely for the osteosynthesis of distal radius fractures. [1] [2] [3] [4] The locking plate has been shown to provide more stable fixation than conventional non-locking plate/screw systems. The advantages of locking plates apply to cases of highly comminuted fractures, unstable metadiaphyseal segments, and osteoporotic fractures. 5 Since the directions of the screws are fixed and distributed three dimensionally, the surgeon needs to determine the placement of the plate carefully at the fracture site. It has been suggested that proper plate width or placement is necessary to provide satisfactory subchondral support. 6, 7 Several complications following internal fixation of distal radius fractures with a volar locking-plate have been reported, [8] [9] [10] including extensor and flexor tendon ruptures, carpal tunnel syndrome, and screw penetration to the joint, etc. These complications can be avoided with appropriate planning for the reduction and implant choices.
Generally, templates are used for the preoperative planning of fracture management. Although the filmless clinical environment is now a reality, 11 the development of digital preoperative planning for orthopaedic trauma surgery is lagging behind in current image browsing systems. This may result in a poorer agreement of the reduction shape and implant choices between the preoperative plans and the postoperative results. It may require to adapt to digitization and to visualize surgical planning in fracture management in order to offer higher reproducibility of the planning. A 3D digital pre-operative planning system for the osteosynthesis of distal radius fractures was developed for clinical practice. In this study, we hypothesized that 3D digital planning would be useful to reproduce the reduction shape and the implant choices for fracture management. The objective of this study was to evaluate the reproducibility of 3D planning for the osteosynthesis of distal radius fractures by comparing pre-and post-operative reduction and implant choices.
METHODS
This is a case control study (level of evidence: III). The study protocol was approved by our Institutional Review Board. This study was registered as NCT02909647 at ClinicalTrials. gov. Twenty wrists of 20 distal radius fracture patients who underwent osteosynthesis using locking plates (13 females, 7 males; age range 23-87, mean age 59.0 years) were evaluated. Patients were excluded if they reported a previous history of traumatic injuries to the arm. According to the preoperative CT scans, the fractures were classified using the AO classification system. 12 The surgeries were performed by four trainees (residents and fellows) under the supervision of a single hand surgeon within 2 week of injury.
Preoperative Planning
Three-dimensional digital preoperative planning and a surgical simulation were performed in order to determine the reduction and the placement of implants in addition to the plate/screw size prior to surgery. Reduction and placement of the implants were simulated using software newly-developed by the authors (ZedTrauma, LEXI Co., Ltd. Tokyo, Japan). This is based on 3D planning software (ZedView, LEXI Co., Ltd. Tokyo, Japan), to which we added a reduction and implant choice simulation program. Planning using this software is based on digital imaging and communications in medicine (DICOM) data from CT scans. All patients had preand post-operative CT scans in order to compare the planned and post-operative reduction shape and placement of the implant. The CT comprised contiguous sections of 1 mm thickness. The software allows the surgeons to (i) visualize the fracture displacement; (ii) simulate repositioning of the fragments; (iii) place the plate and screws; (iv) adjust the sizes of the implants; and (v) check the shape after the reduction and implant placement by measuring the anatomical shape (Figs. 1 and 2) . After importing the DICOM images to the software, a 3D image of the distal radius was made. Each distal radius fracture was segmented according to the main fracture fragments using the cut function. Each fragment was repositioned in accordance with fracture lines. Reduction of the fragment was performed to regain the volar tilt and the radial inclination, and less than 2 mm of step-off for the intra-articular displacement referring to the healthy side wrist X-ray. Simulation of the implantation of the volar locking plate used 3D templates with variable sizes of plates and screws. The Stellar II locking plate (HOYA Technosurgical, Inc., Tokyo, Japan) was used in this study. This plate system has small, medium, and large sizes for plate width, and short and long sizes for plate length. Screw lengths from 10 to 24 mm for the distal (2.4 mm diameter) and 10 to 20 mm for the proximal (2.6 mm diameter) are available. Computer aided design models of different-sized implants were installed in the software. The plate size was chosen to cover the distal fragment maximally and to not exceeded the width of the distal radius. After the planning, osteosynthesis was performed under general anesthesia. During the surgery, the operator performed the reduction and the placement of the plate while comparing images between the preoperative plan and fluoroscopy. The surgeons tried to reproduce the planned position of the implant by checking the distances from the margin of the implant to the margin of the radius under fluoroscopy. The screw sizes were determined by intraoperative measurement in reference to the preoperative plan.
Evaluations
To evaluate the reproducibility of the 3D planning, preoperative planning and postoperative reductions were compared by measuring the volar tilt and radial inclination of the 3D images in the plan group (Fig. 3) . The axis of the radius was adjusted. The angle between a line from the dorsal edge to the volar edge of the radius and the line perpendicular to the longitudinal axis of the radius was measured as 3D volar tilt. The angle between a line from the radial styloid tip to the ulnar aspect of the distal radius and the line perpendicular to the longitudinal axis of the radius was measured as 3D radial inclination. These radiological parameters were measured by a single hand surgeon, who was one of the inventors of the software.
In addition, the planned sizes of implant were compared with the actual sizes used at operation. The screw holes were numbered from 1 to 8 for the distal (there were seven holes in small and medium plates, and eight holes in a large plate), and from one to three for the proximal. The screw lengths actually chosen were recorded according to the screw number.
Statistical Analysis
The results are expressed as mean AE standard deviation. Intra-class correlation coefficient (ICC) values of the 3D measurements (volar tilt and radial inclination) between the pre-operative plan and the post-operative 3D images were evaluated. For accuracy of the implant choices, the ICCs for the screw lengths between the preoperative plan and the actual choices were evaluated. An ICC less than 0.40 was considered poor reproducibility, between 0.40 and 0.59 was Figure 1 . Example image of fracture reduction. After importing the DICOM images to the software, a 3D image of the distal radius was made. The distal radius was segmented according to the main fracture fragments using the cut function. Each fragment was repositioned in accordance with fracture lines. After repositioning the fragments, the bone shape was checked three dimensionally.
3D PLANNING FOR THE DISTAL RADIUS FRACTURE
2647 considered moderate, between 0.60 and 0.74 was considered good, and between 0.75 and 1.00 was considered excellent. 13 To compare the screw lengths between the preoperative plan and the actual choice, the paired t-test was used. p values less than 0.05 were considered significant. All analyses were performed using SPSS version 13.0 (SPSS, Chicago, IL).
RESULTS
There was one patient with A2 (extraarticular, simple, and impacted) fracture, two patients with A3 (extraarticular, multifragmentary) fracture, one patient with C1 (complete articular, articular simple, metaphysial simple) fracture, eight patients with C2 (complete articular, articular simple, metaphysial multifragmentary) fracture, and eight patients with C3 (complete articular, articular multifragmentary) fracture.
The correlations of the 3D measurements are shown in Figure 4 . Before the 3D planning, the mean values of volar tilt and radial inclination were À10.6 AE 18.2 and 8.5 AE 10.9˚. In the 3D measurements, the results of volar tilt were 11.4 AE 2.7 and 10.8 AE 2.8˚in the preoperative planning and postoperative 3D images, respectively. The results of radial inclination were 21.6 AE 3.9 and 21.3 AE 3.0 in the preoperative planning and postoperative 3D images, respectively. The ICCs were 0.644 (good, p < 0.01) and 0.625 (good, p < 0.01) for the volar tilt and radial inclination in the 3D measurements, respectively.
The planned size of plate was used in all of the plan group patients. Small plates were chosen for ten patients, medium for eight patients, and large for two patients. The results of screw choices are shown in Figures 5 and 6 . Since the distal 8 screw hole was used in only two patients who needed a large plate, the distal 8 screw length data were excluded from the analysis. The differences between preoperative plan and actual choice (¼actual choice-plan) are shown in Figure 5a and b. Shorter screws were chosen at operation for the distal 1 and 5 screw holes compared to other distal screw holes. There was a significant difference between preoperative plan and actual choice for the distal 5 screw hole (p ¼ 0.032). The ICC of the Figure 2 . Example image of volar locking plate placement. The plate size was chosen when it covered the distal fragment maximally and did not exceed the width of the distal radius. The longest possible screws that did not penetrate the extensor compartment or radiocarpal joint were determined. This was checked with axial, coronal, and sagittal views of the repositioned bone outline. 
DISCUSSION
The development of digital preoperative planning for orthopedic trauma surgery is a long way behind digital planning for joint arthroplasty. In most cases, classical tracing paper or simple measurements on an image viewer for X-ray or CT scans are still in clinical use. The benefits of the conventional method are simplicity, familiarity, low cost, and less exposure to radiation. However, it is difficult to visualize which direction to move the fragments, and which screw size to choose prior to surgery. A precise preoperative plan is necessary for good postoperative outcomes. Three-dimensional imaging methods for planning in trauma surgery were recently developed using CT scanning. [14] [15] [16] In addition, computerized virtual surgery planning has been increasingly applied in various orthopedic procedures. Digital preoperative planning was developed mainly in the field of hip and knee joint replacement. [17] [18] [19] There are several software programs for planning joint replacement (i.e., Orthoplanner, Zed Hip, & Knee). In fracture surgery, 3D pre-operative planning is useful for viewing and measuring the fracture displacement. 20 Adding manipulation would enable a virtual operation to be completed, including the testing for fit of possible implants. Thus, a 3D digital preoperative planning system for fracture surgery was developed. This system allowed us to recognize fracture fragments, reposition the fragments, place the implant, adjust the implant size, and measure the angle or the distance of the reduction shape three-dimensionally. In addition, a function to display the bone-implant contact area was added.
Correction of the anatomical shape and proper implant selection and positioning are closely related to clinical outcomes in distal radius fracture management. In the AAOS guideline, 21 the suggested indications for operative fixation of a distal radius fracture are radial shortening >3 mm, dorsal tilt >10˚, or intraarticular displacement or step-off >2 mm. In the radiographic evaluation, normal radial inclination is 
3D PLANNING FOR THE DISTAL RADIUS FRACTURE
reported as a mean of 25.4˚with a standard deviation of 2.2˚. Normal volar tilt is reported as a mean of 14.5å nd a standard deviation of 4.3˚. 22 The reduction shape was close to the normal range of radiographic parameters in this study. There were good correlations between pre-and post-operative reduction in 3D measurements. When simulating the repositioning, the distal radius was reconstructed by moving and rotating the fragments according to the fracture line. These process may be helpful to understand which fragments need to reposition.
The number and the lengths of the distal locking screws are important to ensure adequate fixation strength and maintain fracture fixation. Sometimes, it is difficult to determine the length of distal locking screws with a depth gauge due to thin cortex of the bone or comminution of the fracture fragments. Using the preoperative planning, it was easy to determine the screw sizes even when there were comminuted fragments at the dorsal cortex of the radius. The length of distal locking screws is important because it relates with the fixation strength and extensor complications. 23 It has been suggested that locked unicortical distal screws of at least 75% of the length of bicortical screws offer construct stiffness similar to bicortical fixation. 24 At the same time, there is a risk of penetration to the extensor compartment when choosing longer screws. In this study, we found that the distal locking screws in the most radial position (distal 1 and 5) were about 3.5-4.4 mm shorter than the screws in the middle of the plate (distal 2, 3, 6). The screws in the most ulnar position (distal 4, 7) were about 0.4-1 mm shorter than the screws in the middle of the plate. From these results, it may be possible to determine the length of all distal locking screws after deciding one screw length.
Some limitations of the present study should be noted. First, the sample size of this study was small. This is because, we wanted to grasp the problems of this new method before proceeding to a larger study. It may be necessary to clarify the benefit of using 3D planning by evaluating clinical outcomes in future studies. Second, this protocol requires CT scanning. The radiation exposure level with CT (2.0 mGy) is about eight times higher than with regular posteroanterior and lateral view X-rays (0.25 mGy). There may be some concerns about radiation exposure. It has been reported that specific protocols combining filters and image post-processing software may solve the radiation dose problem. 25 Finally, the reproducibility of the bone shape was confined to moderate in this study. There is room for improvement. This may be due to the learning process associated with a new technique. In addition, there is still no standard for the 3D reduction shape. This may be another reason for the moderate reproducibility. It is necessary to develop a method to compare 2D images of X-rays and 3D images of the CT scan. In addition, we need to define the proper implant size for the bone shape.
In conclusion, a 3D pre-operative planning system was developed that could be used clinically to plan reduction and choose implants of distal radius fractures. Three-dimensional digital planning was useful to visualize the reduction process and to choose proper implants for distal radius fractures.
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